Accumulation of amyloid-␤ (A␤) is thought to play a central role in the progressive loss of synapses, the neurite damage, and the neuronal death that are characteristic in brains affected by Alzheimer's disease. However, the mechanisms through which A␤ produces such neurotoxicity remain unclear. Because A␤ depresses synaptic activity, we investigated whether the neurotoxicity of A␤ depends on the expression of NP1, a protein involved in excitatory synapse remodeling that has recently been shown to mediate neuronal death induced by reduction in neuronal activity in mature neurons. We found that treatment of cortical neurons in culture with A␤ produces a marked increase in NP1 protein that precedes apoptotic neurotoxicity. Silencing NP1 gene expression by RNA interference (short hairpin RNA for RNA interference) prevents the loss of synapses, the reduction in neurite outgrowth, and the apoptosis evoked by A␤. Transgene overexpression of NP1 reproduced these neurotoxic effects of A␤. Moreover, we found that NP1 was increased in dystrophic neurites of brains from patients with sporadic late-onset Alzheimer's disease. Dual immunohistochemistry for NP1 and tau showed that NP1 colocalizes with tau deposits in dystrophic neurites. Furthermore, NP1 colocalized with SNAP-25 (synaptosomal-associated protein of 25 kDa) in the majority of dystrophic neurites surrounding amyloid deposits. NP1 was also increased in cell processes surrounding amyloid plaques in the cerebral cortex and hippocampus of APP/PS1 (mutant amyloid precursor protein/presenilin 1) transgenic mice. These findings show that NP1 is a key factor for the synapse loss, the neurite damage, and the apoptotic neuronal death evoked by A␤ and indicate that A␤ contributes to the pathology of Alzheimer's disease by regulating NP1 expression.
Introduction
There is a pronounced loss of synapses in brain tissue from patients with Alzheimer's disease (AD), which is evident from the early stages of the disease (Davies et al., 1987 ; for review, see Selkoe, 2002) . The loss of synapses and neurite damage are subsequently followed by the selective death of specific groups of neurons in the neocortex and limbic structures (Whitehouse et al., 1982) . The loss of synapses strongly correlates with cognitive decline (DeKosky and Scheff, 1990) . Accumulation of the amyloid-␤ (A␤) peptide is one of the main characteristics of brains with AD. Recent studies in mouse models of AD have shown that soluble A␤ oligomers interfere with synaptic function before structural synaptic damage and the ensuing neuronal death is induced (reviewed in (Walsh and Selkoe, 2004) . Nonetheless, the detailed mechanism by which A␤ produces synaptic injury, leading to neurite degeneration and neuronal death, is still unknown.
The toxicity of A␤ in primary neuronal cultures displays morphological and biochemical characteristics of programmed cell death (Loo et al., 1993) . Indeed, neuronal death evoked by A␤ in hippocampal cell cultures is prevented by inhibitors of protein and RNA synthesis (Takashima et al., 1993) , indicating that A␤ induces the expression of genes involved in the program of cell death. Moreover, the patterns of expression associated with this neuronal death program have been compared with those observed after the deprivation of trophic factors (Estus et al., 1997) . Likewise, a reduction in neuronal activity triggers gene expression-dependent apoptosis in mature cerebellar granule neurons (D'mello et al., 1993) , and, interestingly, it has been shown that A␤ selectively depresses excitatory synaptic transmission (Kamenetz et al., 2003) . We therefore hypothesized that the neurotoxicity induced by A␤ might share a common mechanism with the apoptotic neurodegeneration induced by the reduction in neuronal activity.
We have reported previously that neuronal pentraxin 1 (NP1) is part of the apoptotic neuronal death program induced by the reduction in neuronal activity in mature cerebellar granule cells (DeGregorio-Rocasolano et al., 2001) . NP1 is a member of the pentraxin family of proteins named for their distinct structural organization of five identical subunits arranged noncovalently in pentameric radial symmetry (Osmand et al., 1977) . Neuronal pentraxins such as NP1 and NP2, also called activity-related pentraxin (Narp), and the neuronal pentraxin receptor (NPR) are selectively expressed in the nervous system and have been suggested to be involved in synaptic functions (Hsu and Perin, 1995; Schlimgen et al., 1995; Tsui et al., 1996; Dodds et al., 1997) . NP1 and NP2/Narp are predicted to be secreted proteins, and NPR has been identified as a type II transmembrane protein with no intracellular domain (Dodds et al., 1997; O'Brien et al., 1999; Kirkpatrick et al., 2000) . However, recent studies have shown that NPR has a number of different cytoplasmic isoforms that are often associated with the inner side of the plasma membrane, suggesting that neuronal pentraxins also have physiological functions as intracellular proteins (Chen and Bixby, 2005a,b) . In our previous studies, we found that a reduction in neuronal activity induces the overexpression of NP1 and that this increase in NP1 protein leads to apoptotic neuronal death (DeGregorioRocasolano et al., 2001; Enguita et al., 2005) . Based on the dual function of NP1 in synapse remodeling and apoptotic neurodegeneration, and because of the sequential association between the loss of synapses and delayed cell death in AD, we asked whether NP1 might be implicated in the mechanisms underlying A␤ neurotoxicity. Thus, we investigated the effect of oligomeric A␤ on NP1 expression in primary cortical cells in culture. Furthermore, we also studied the expression of NP1 in brains from patients diagnosed with AD as well as in brains from an animal model of AD.
Materials and Methods
Cell culture. Primary cultures of brain cortical neurons were essentially prepared as described previously (Morishima et al., 2001 ). The frontallateral cortical lobes were dissected out of Sprague Dawley embryonic day 18 rat fetuses, and the cells were chemically dissociated in the presence of trypsin and DNase I before plating in poly-L-lysine (100 g/ml)-coated 24-or 6-well plates or on coverslips. For neuronal death assays, cortical cells were seeded at a density of 2 ϫ 10 5 cells/cm 2 in basal Eagle's medium (BME) supplemented with 10% fetal bovine serum (FBS; heat inactivated), 0.1 mg/ml gentamicin, 2 mM glutamine, 20 mM glucose, and 25 mM KCl. After 1 d in culture, the medium was changed to serum-free DMEM supplemented with B27 (Invitrogen, San Diego, CA), and the culture medium was partially replaced every 3 d with fresh DMEM supplemented with B27. Cortical cell cultures were kept at 37°C in a humidified incubator with 5% CO 2 /95% air, and cortical neurons were used for experiments after 4 -6 d in vitro (DIV). All procedures involving animals and their care were approved by the ethics committee of the University of Barcelona and were conducted in accordance with institutional guidelines in compliance with national (Generalitat de Catalunya) and international (Guide for the Care and Use of Laboratory Animals, National Academy Press, 1996) laws and policies.
Treatment of cortical cultures with A␤ peptides. The A␤ peptide (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) , the inactive control A␤35-25, and A␤1-42 were purchased from Bachem (Bubendorf, Switzerland). One millimolar stock solutions of A␤25-35 and A␤35-25 were prepared in sterile water and stored at Ϫ20°C. A working solution of 0.5 mM was prepared in PBS for each peptide and directly diluted in the culture medium at the required concentration. Soluble oligomers of A␤1-42, were prepared as described previously (Lambert et al., 1998; Dahlgren et al., 2002; Klein, 2002) .
Determination of cell viability and apoptosis in cortical cultures. Cell viability was assessed using two different methods. In some experiments, we used propidium iodide (PI) staining, which was excluded from viable cells. Damage to the cytoplasmic membrane permits the entry of PI, which yields a bright red fluorescence after its interaction with nuclear DNA. In time course experiments, PI fluorescence was measured in 24-well plates using a Cytofluor 2350 scanner (Millipore, Barcelona, Spain), with 530 nm (25 nm bandpass) excitation and 645 nm (40 nm bandpass) emission filters. The percentage of nonviable cells was measured using a modification of the method described by Rudolph et al. (1997) and DeGregorio-Rocasolano et al. (2001) . In other experiments, the percentage of nonviable cells was measured by counting the number of PIstained and total cells using simultaneous fluorescence and phasecontrast photomicrographs obtained with an inverted Olympus (Tokyo, Japan) IX70 fluorescence microscope. In these experiments, cortical neurons were grown in 6-well plates, incubated with 5 M PI for 30 min, fixed in 4% paraformaldehyde in PBS containing 2% sucrose for 30 min at room temperature, and rinsed with PBS before the addition of a final glycerol protective layer.
For morphological determination of apoptosis, cortical neurons were grown in 6-well plates, and the nuclei were stained with Hoechst 33258 (Sigma, St. Louis, MO). After removing the medium, the neurons were washed with ice-cold PBS, fixed with 4% paraformaldehyde in PBS containing 2% sucrose for 30 min at room temperature, and subsequently incubated with ice-cold methanol for 2 min. The cells were then stained with Hoechst 33258 (175 ng/ml in PBS) for 10 min at room temperature and covered with glycerol. Nuclei were visualized using an Olympus IX70 inverted fluorescence microscope with a 30ϫ objective. In each experiment, photomicrographs were taken by a neutral observer from three randomly chosen fields per well, and at least three wells were examined for each treatment. Graphs based on cell counts represent the mean Ϯ SE from three independent experiments.
Determination of neurite outgrowth. Cortical neuronal cultures were seeded at 5 ϫ 10 4 cells/cm 2 on Biocoat 6-well plates coated with poly-Dlysine/mouse laminin (Becton Dickinson, Los Angeles, CA). Phasecontrast digital images were captured in live cortical neurons with an Olympus IX70 inverted fluorescence microscope with a 30ϫ objective using the image analysis program AnalySIS (Soft Imaging System, Lakewood, CO). The length of neurites was determined using a stereological procedure (Ronn et al., 2000) . The total neurite length per cell was estimated by counting the number of intersections made by neurites on 10 test lines in an unbiased counting frame superimposed on digital images of cell cultures. The absolute neurite length (L) was estimated per cell from the number of neurite intersections (I) per cell by applying the equation L ϭ (d/2)I to describe the relationship between the number of neurite intersections and the vertical distance (d; 20 m), between the 10 test lines used (Ronn et al., 2000) .
Immunocytochemistry of primary cortical neuron cultures. Cortical neurons were plated in Permanox Lab-Tek Chamber slides (NalgeNunc) coated with poly-L-lysine (100 g/ml) at a density of 5 ϫ 10 4 cell/cm 2 for neurite outgrowth and 2 ϫ 10 5 cell/cm 2 for cleaved caspase 3 immunocytochemistry. Neurons were fixed for 15 min with 4% paraformaldehyde in PBS containing 2% sucrose, permeabilized in 0.2% Triton X-100 for 5 min at room temperature, and rinsed in PBS. The coverslips were preincubated with blocking solution [10% normal goat serum and 1% bovine serum albumin (BSA) in PBS] for 1 h and exposed to the primary antibodies diluted in 1% BSA/PBS overnight at 4°C. The antibodies used were as follows: mouse anti-␣-tyrosinated-tubulin (1:800; Sigma); rabbit anti-human cleaved caspase-3 (1:100; Cell Signaling Technology, Beverly, MA); mouse anti-microtubule-associated protein 2 [MAP2 (2a ϩ 2b)] (1:250; Sigma); rabbit anti-synapsin 1 (1:500; Sigma); Alexa Fluor 568-conjugated F(abЈ) 2 goat anti-mouse IgG (1:1000; Invitrogen, Eugene, OR); Alexa Fluor 568-conjugated F(abЈ) 2 goat anti-rabbit IgG (1: 1000; Invitrogen).
Lentiviral vectors. The self-inactivating bicistronic lentiviral transfer vector constructs pWPI and pLVTHM, as well as the second-generation lentivirus packaging and envelope plasmids, were kindly provided by Dr. D. Trono (Lausanne, Switzerland) Trono, 2003, 2005; Zufferey et al., 1998) . The pWPI lentiviral vector carries the EF1␣ promoter and a 5Ј to 3Ј central polypurine tract, an expression cassette, the encephalomyocarditis virus internal ribosome entry site (IRES), and green fluorescent protein (GFP) encoded downstream of the IRES, as well as the post-transcriptional regulatory element of woodchuck hepatitis virus to enhance gene expression. In addition, the pLVTHM vector carries the H1 RNA polymerase III promoter to permit the expression of a short hairpin RNA for RNA interference (shRNAi) (Wiznerowicz and Trono, 2003) . The map and the sequences of these plasmids are available at http://tronolab.epfl.ch/page58115.html. The coding sequence for NP1 was cloned from rat brain cDNA (Quick Clone cDNA; Invitrogen) by PCR. The pWPI-NP1-GFP vector was obtained by inserting the NP1 cDNA, containing the Kozak consensus sequence ACC before the initiation codon, by blunt end ligation into pWPI using the PmeI restriction sites. The vector pLVTHM-shRNAi-NP1-GFP was constructed to express short interfering RNAs to silence NP1 expression. A sequence targeting NP1 was selected based on the rules for RNAi susceptibility proposed by Tuschl's group (Elbashir et al., 2001 ) and using the RNAi prediction program from the Bioinformatics group of the Whitehead Institute for Biomedical Research. Two complementary DNA oligonucleotides (Roche, Berlin, Germany) were annealed to produce a doublestranded DNA fragment encoding a 19-nucleotide sense strand, 9-nucleotide loop, and 19-nucleotide antisense strand of the NP1 target or of a random sequence. The sequence of the NP1 shRNAi is as follows: 5Ј-gatccccGTACAGCCGCCTCAATTCT ttcaagagaAGAATTGAGGCGGCTGTACttttt-3Ј (sense) and 5Ј-agctaaaaaGTACAGCCGCCTCAATTCTtctcttgaaAGAATTGAGGCGGCTGTACggg-3Ј (antisense). The sequence in capitals is the NP1 target sequence that corresponds to bases 1004 -1022 of the NP1 mRNA (GenBank accession number U18772). We also designed an shRNAi with a random sequence to use as a control lentivector. The sequence of the shRNAi-Random is as follows: 5Ј-gatccccGCAGTGCAATATCGGAAACttcaagagaGTTTCCGATATTGCACTGCttttt-3Ј (sense) and 5Ј-agctaaaaaGCAGTGCAATATCGGAAACtctcttgaaGTTTCCGATATTGCACTGCggg -3Ј (antisense). The duplex DNAs of shRNAi-NP1 and shRNAi-Random were cloned into the HindIII and BglII sites of the pSUPER.retro vector. After confirming the ability to silence NP1 in SH-SY5Y cells clones that permanently overexpress NP1, the H1-shRNA cassette was excised from pSUPER.retro and cloned into the lentiviral pLVTHM vector within EcoRI-ClaI sites.
The viral particles pseudotyped with vesicular stomatitis virus G glycoprotein were produced by transient transfection in 293T cells plated in 100 mm dishes in DMEM plus 10% FBS. When subconfluent, 293T cells were cotransfected with 10 g of lentiviral vector containing the transgene, 7.5 g of the packaging plasmid psPAX2, and 3 g of the envelope plasmid pMD2G, using the FuGENE 6 transfection reagent (Roche). After 16 h, the medium was changed, and the virus particles were harvested 24 h later by collecting the medium. High-titer stocks (3 ϫ 10 6 transduction units per microliter) were obtained by ultracentrifugation and resuspension of the viral pellet in TNE buffer (50 mM Tris-HCl, pH 7.5, 130 mM NaCl, and 1 mM EDTA). Viral stocks were stored at Ϫ20°C and used within 1 month.
Transduction of cortical neurons with lentiviral vectors. Lentivirus particles were added to cortical neuron cultures immediately after plating in a volume of 10 -20 l of viral stock. After 24 h of incubation with the lentivirus, the medium was changed to serum-free DMEM supplemented with B27 (Invitrogen). The percentage of cortical neurons expressing GFP 48 h after lentiviral transduction was 80 -90%.
Oligodeoxyribonucleotide synthesis and treatment. A 21-base-long phosphorothioated antisense oligodeoxyribonucleotide (ODN) against the NP1 mRNA and its corresponding sense ODN were obtained from Roche Molecular Biochemicals (Pleasanton, CA). The sequences used were 5Ј-GCGTGCGGCGCGGCCGGCCAG-3Ј for the NP1 antisense ODN (NP1AS) and 5Ј-CTGGCCGGCCGCGCCGCACGC-3Ј for the corresponding sense ODN (NP1S). The phosphorothioated nucleotides are underlined. The NP1 antisense ODN sequence corresponds to nucleotides 4 -24 that immediately follow the first initiation codon of the coding sequence of the NP1 cDNA. Silencing of NP1 expression in cortical neurons with ODNs was performed using LipofectAMINE 2000 reagent (Invitrogen). An NP1S or NP1AS (0.8 g) LipofectAMINE complex (1:3 ratio) was prepared according to the manufacturer's instructions and added to cortical neurons after 4 DIV. The culture medium conditioned by the cells was removed and saved. The cultures were washed with BME, and 0.4 ml of transfection medium (BME without glutamine and antibiotics, at 37°C, pH 7.4) was added to the cultures. One hundred microliters of the DNA-LipofectAMINE complex mixture were added to each well, and the cells were incubated at 37°C in a 5% CO 2 incubator for 4 h. The transfection medium was then removed by aspiration and replaced with conditioned medium. Experimental treatments with A␤ were initiated immediately afterward.
Protein expression and purification. The coding sequence for NP1 was subcloned into the BamHI and EcoRI restriction sites of the bacterial expression vector pGEX-4T-3 in frame with glutathione S-transferase (GST; Amersham Biosciences, Piscataway, NJ). The fusion protein expression construct pGEX-4T-3-GST-NP1 was transformed into Escherichia coli strain BL21 (DE3) pLys S (Novagen, Madison, WI), and fusion protein production was induced by the addition of isopropyl ␤-thiogalactoside to a final concentration of 0.4 mM. After a 2 h induction at 37°C, the cells were harvested. Because GST-NP1 was produced as inclusion bodies, pelleted cells were resuspended in inclusion body sonication buffer (25 mM HEPES, pH 7.7, 100 mM KCl, 12.5 mM MgCl 2 , 20% glycerol, 0.1% v/v Nonidet P-40, 1 mM DTT, 1 mM PMSF, 2 g/ml leupeptin, 2 g/ml pepstatin, and 4 g/ml aprotinin). In this, lysis was accomplished by a combination of lysozyme treatment (incubation with 0.5 mg/ml lysozyme for 30 min), freeze-thaw cycles, and, finally, ultrasonication, and the lysate was then centrifuged at 8000 ϫ g for 10 min to pellet the inclusion bodies. Inclusion bodies were purified by washing twice with radioimmunoprecipitation assay buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, and 1 mM PMSF) and solubilized in 2 vol of 10% SDS. Once the inclusion bodies were in solution, the concentration of SDS was adjusted to 1% by diluting the sample with PBS. To refold the denatured GST-NP1, the SDS concentration was further reduced to 0.01% by sequential dialysis. Finally, GST-NP1 was purified by glutathione-agarose affinity chromatography.
SDS-PAGE and Western blot analyses.
Protein extracts were obtained from cell cultures at different times after treatment with A␤. The protein extracts of cultures exposed to lentiviral vectors were obtained 6 d after transduction. Cortical cells were solubilized in SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 2.5 mM EDTA, 75 mM DTT, and 0.01% bromophenol blue), and the homogenates were boiled for 5 min and briefly sonicated. The polypeptides were separated by 10% SDS-PAGE and electroblotted onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA) according to the manufacturer's protocol. Blots were preincubated with 5% nonfat dry milk in Tris-buffered saline containing 0.1% Tween 20 before immunodetection. We used a monoclonal anti-rat NP1 antibody (1:1000; Becton Dickinson) for specific immunodetection of NP1 protein and a monoclonal antibody, clone SY 38 (1:1000; Chemicon, Ochsenhausen, Germany) for immunodetection of synaptophysin. Peroxidase-conjugated goat anti-mouse IgG (1: 10,000; Cell Signaling Technology) was used as the secondary antibody. To control for protein loaded, we used a rabbit anti-actin 20 -33 antibody (1:3000; Sigma) and a peroxidase-conjugated goat anti-rabbit IgG (1: 5000; Cell Signaling Technology). Immunoreactive proteins were visualized using an enhanced chemiluminescence detection system (SuperSignal West Dura; Pierce, Rockford, IL), and the detection of the bands was performed using a VersaDoc Model 5000 Imaging System quantifying their intensity with the Quantity One computer software (Bio-Rad, Hercules, CA). The densitometric values of the bands representing NP1 or synaptophysin immunoreactivity were normalized to the values of the corresponding actin bands. The specificity of different NP1 antibodies was verified against recombinant NP1, NP2, and GFP proteins (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Human brain samples. The brains of 10 patients with sporadic lateonset AD and 8 age-matched controls displaying no neurological illness were obtained at autopsy following the guidelines of the local Ethic Committee of the Hospital Universitari de Bellvitge, and after obtaining the informed consent from their relatives. The postmortem delay between death and tissue processing was between 3 and 6 h in control and diseased brains. Patients who had undergone prolonged agony were not included in this study. The AD patients were six men and four women with a mean age of 78 years, and the mean duration of the disease was 6.4 years. All of them died of natural causes at an advanced stage of the disease. Immediately after removal, coronal sections of the right cerebral and cerebellar hemispheres, and alternating 5-mm-thick sections of the brainstem, were frozen and stored at Ϫ80°C for biochemical studies. In addition, 5-mm-thick slices of the hippocampus and entorhinal cortex, as well as other brain regions, were immersed in 4% paraformaldehyde in phosphate buffer for 24 h, washed in PBS, and embedded in paraffin for specific immunohistochemical studies.
The neuropathological study was performed on formalin-fixed, paraffin-embedded sections of the right cerebral hemisphere, cerebellum, and brainstem. The sections were stained with hematoxylin and eosin, cresyl violet, and Klüver Barrera, and they were processed for immunohistochemistry using the avidin-biotin-peroxidase method (ABC, Vectastain; Vector Laboratories, Burlingame, CA). Immunoreactivity of antibodies raised against the following was studied: phosphorylated neurofilament epitopes of 170 and 200 kDa (clones BF10 and RT97, used at dilutions of 1:100 and 1:50, respectively), phosphorylated tau (mouse anti-AT8 antibody, diluted 1:50; Innogenetics, Gent, Belgium), monoclonal A␤ (diluted 1:30; Sigma), and ␣-synuclein (diluted 1:1000; Chemicon). In the case of the sections processed for A␤ and ␣-synuclein staining, the tissue was pretreated with formic acid. Lewy bodies were not detected, and AD cases were categorized either as stages V and VI (neurofibrillary pathology) or as stage C (A␤ deposition) of Braak and Braak (2001) .
No tau pathologies were seen in control cases, and deposits of A␤ were restricted to a few diffuse plaques in the inferior region of the frontal lobe and the internal region of the temporal lobe in only one case [stage A of Braak and Braak (2001) ].
Western blot studies. Western blot analysis of human brain tissue was performed on frozen samples of the hippocampus obtained from the same cases. Samples were homogenized in buffer containing 100 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 5 mg/ml aprotinin, 5 mg/ml leupeptin, and 5 mg/ml pepstatin (Sigma). Equal amounts of protein (10 or 20 mg) were loaded in each lane with loading buffer containing 0.125 mM Tris, pH 6.8, 20% glycerol, 10% mercaptoethanol, 4% SDS, and 0.002% bromophenol blue. The samples were heated at 95°C for 10 min before gel loading. The proteins were separated by gel electrophoresis and transferred to nitrocellulose membranes (Amersham Biosciences) using an electrophoretic transfer system (TransBlot Semi-Dry Transfer Cell; Bio-Rad) at 40 mA for 1 h. Subsequently, the membranes were blocked with Tris-buffered saline containing 0.05% Tween 20, 5% skimmed milk, 2% BSA (Sigma), and 1% normal serum (Vector Laboratories). Pilot experiments demonstrated that the polyclonal rabbit anti-NP1 antiserum (Becton Dickinson) but not the monoclonal anti-NP1 antibody recognizes human NP1. The membranes were incubated at 4°C overnight with anti-NP1 antibody (Becton Dickinson) used at a dilution of 1:200. After washing, the membranes were incubated with anti-rabbit IgG labeled with HRP (Dako, High Wycombe, UK) diluted 1:1000 for 1 h at room temperature. The membranes were washed again and developed with the chemiluminescence ECL system (Amersham Biosciences), followed by exposure of the membranes to autoradiographic films (Hyperfilm ECL; Amersham Biosciences). The protein content in each lane was evaluated by staining selected gels with Coomassie blue and membranes with Ponceau Red (Sigma). Selected membranes were immunostained with a mouse monoclonal antibody to ␤-actin to further control for protein loading. Control and AD cases were processed in parallel. The specificity of the polyclonal rabbit anti-NP1 antibody was confirmed by preabsorption of the antibody with the GST-NP1 recombinant protein.
NP1 single-and double-labeling immunohistochemistry. Sections were processed according to the avidin-biotin-peroxidase (ABC, Vectastain; Vector Laboratories) staining method. The sections were first boiled in citrate buffer and then stored overnight at room temperature. After blocking the endogenous peroxidase, the sections were incubated with normal serum and incubated at 4°C overnight with one of the primary antibodies. The polyclonal rabbit anti-NP1 antiserum was used at a dilution of 1:100. To test the specificity of the antibody, some sections were incubated with the rabbit anti-NP1 serum preabsorbed with the GST-NP1 recombinant protein. Other sections were incubated with only the secondary antibody. After incubation with the primary antibody, the sections were incubated for 1 h with biotinylated anti-rabbit IgG diluted 1:100, followed by ABC at a dilution of 1:100 for 1 h at room temperature.
The peroxidase reaction was visualized with 0.05% diaminobenzidine and 0.01% hydrogen peroxide (brown precipitate). Some sections were visualized with NH 4 NiSO 4 (0.05 M) in phosphate buffer (0.1 M), diaminobenzidine, NH 4 Cl, and hydrogen peroxide (giving a dark blue precipitate). The tissue from control and diseased brains was processed in parallel to avoid day-to-day variations in the staining procedure. Other sections were stained with a mouse monoclonal antibody to synaptosomal-associated protein of 25 kDa (SNAP-25; Abcam, Cambridge, UK) used at a dilution of 1:1000; the immunoreaction was visualized with 0.05% diaminobenzidine and 0.01% hydrogen peroxide. Sections were slightly counterstained with hematoxylin.
Dual immunohistochemistry was conducted following a two-step protocol in which the sections were first incubated with antibodies to NP1, and the immunoreaction was visualized with diaminobenzidine and hydrogen peroxide as above. Subsequently, the sections were incubated with AT8 antibody (Innogenetics) at a dilution of 1:50, and the immunocomplex was visualized with 0.01% benzidine hydrochloride, 0.025% sodium nitroferricyanide in 0.0001% M sodium phosphate buffer, pH 6.0, and 0.005% hydrogen peroxide, or alternatively with NH 4 NiSO 4 (0.05 M) in phosphate buffer (0.1 M), diaminobenzidine, NH 4 Cl, and hydrogen peroxide.
NP1 Immunofluorescence and confocal microscopy. Dewaxed hippocampal sections were stained with a saturated solution of Sudan black B (Merck, Darmstadt, Germany) for 30 min to block the autofluorescence of lipofuscin granules present in nerve cell bodies, rinsed in 70% ethanol, and washed in distilled water. The sections were incubated at 4°C overnight with anti-NP1 at a dilution of 1:100 and with monoclonal anti-A␤ at a dilution of 1:30 in a vehicle solution composed of Tris buffer, pH 7.2, containing 15 mM NaN 3 and protein (Dako). After washing in PBS, the sections were incubated for 45 min at room temperature in the dark with the mixture of secondary antibodies diluted in the same vehicle solution as the primary antibodies. Other sections were incubated with anti-NP1 at a dilution of 1:100 and anti-SNAP-25 monoclonal antibody (Abcam) at a dilution of 1:1000. The secondary antibodies used were Alexa 488 anti-rabbit (green) and Alexa 546 (red) anti-mouse (both from Invitrogen), diluted 1:400. After washing in PBS, the sections were mounted in immuno-Fluore Mounting medium (ICN Biomedicals, Cleveland, OH), sealed, and dried overnight. The sections were examined in a Leica (Nussloch, Germany) TCS-SL confocal microscope.
Mutant amyloid precursor protein/presenilin 1 transgenic mice. Mice were purchased from The Jackson Laboratory (Bar Harbor, ME). At the age of 12 months, the animals were perfused transcardially with saline, followed by 4% paraformaldehyde in phosphate buffer. The brain was separated from the skull and immersed in the same fixative solution for 24 h. Coronal slabs were cryoprotected with 30% sucrose and frozen at Ϫ80°C. Cryostat sections (10 m) were obtained and processed free floating for immunohistochemistry following the ABC method as above, using antibodies against A␤, NP1, and anti-tau phospho-specific Thr 181 (Calbiochem, La Jolla, CA) at a dilution of 1:250. The immunoreactivity was visualized with NH 4 NiSO 4 (0.05 M) in phosphate buffer (0.1 M), diaminobenzidine, NH 4 Cl, and hydrogen peroxide. A␤ plaques were present in the cerebral cortex and hippocampus of transgenic mice but not in the corresponding age-matched littermates.
Statistical analysis. The results are expressed as the mean Ϯ SE of at least three separate experiments. The statistical significance of the differences was examined using independent t tests or one-way ANOVA with Bonferroni post hoc multiple comparisons using the SPSS (Chicago, IL) statistical software package when required.
Results

A␤ induces apoptotic neuronal death in cortical cultures
Previous studies in primary neuronal cultures have shown that the A␤25-35 peptide mimics the neurotoxic effects of the fulllength A␤1-42 protein and induces the death of cortical neurons in a concentration-dependent manner (Yankner et al., 1990; Pike et al., 1995; Morishima et al., 2001 ). Thus, before studying the relationship between A␤ neurotoxicity and NP1 expression, we exposed primary cultures of rat cortical neurons to 30 M A␤25-35, a concentration that induces maximal cell death in this type of neuron (Morishima et al., 2001) . Exposure of cortical cultures to the A␤25-35 peptide (30 M) provoked a time-dependent increase in neuronal death as measured by the intensity of fluorescence after PI incorporation, the loss of neuronal viability evoked by A␤25-35 reaching ϳ65% after a 48 h exposure. However, this neurotoxic effect of the A␤25-35 peptide was not significant until after 18 h of treatment. In contrast, treatment with the reverse control peptide A␤35-25 did not produce any significant neurotoxicity, and control cultures exhibited ϳ19% cell death after a 48 h exposure to the peptide (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material).
Soluble oligomeric forms of synthetic A␤1-42 have been shown to kill Neuro-2A neuroblastoma cells and mature neurons in organotypic cultures of tissue from the CNS (Lambert et al., 1998; Dahlgren et al., 2002) . Moreover, recent studies have shown that oligomerization of endogenous A␤ is associated with neurite damage to cortical neurons and to the brain (Takahashi et al., 2004) . We therefore studied the neurotoxicity of exogenous soluble oligomeric A␤1-42 in cortical neurons in culture.
Treatment of cortical cells with oligomeric A␤1-42 produced a time-and concentration-dependent reduction in neuronal viability (Fig. 1) . The minimum effective concentration of A␤1-42 that induced a significant increase in the percentage of apoptotic nuclei was 100 nM (19%; p ϭ 0.025), whereas the maximal neurotoxic effect was observed at a concentration of 10 M (Fig. 1 A) . The effect of this concentration of A␤1-42 was time dependent and was not significant until the cells had been exposed to the peptide for 24 h (Fig. 1 B) . The effect of A␤1-42 on neuronal death measured with PI staining was consistently higher than the effect on the percentage of apoptotic nuclei. For example, exposure of cultured cortical neurons to a 10 M concentration of A␤1-42 for 48 h increased PI staining within a 50 -65% range (Fig. 1 B) . In comparison, the same treatment produced a 35-50% increase in the percentage of apoptotic nuclei (Fig. 1 A) . PI stains cells with damaged cytoplasmic membrane and provides an estimate of all cells that dye because of different processes (apoptosis as well as primary or secondary necrosis). In contrast, the percentage of condensed nuclei is a morphological assessment of cells that dye by apoptosis. The present results showing that A␤1-42 produces a higher increase in cell death than in apoptotic nuclei is consistent with previous studies showing that A␤1-42 may cause both apoptosis and necrosis in cultured neurons depending on the concentration and the time of exposure (Wei et al., 2002) . Neuronal apoptosis usually requires the activation of caspase 3, produced by the proteolytic cleavage of its inactive zymogen into active fragments. To assess whether the apoptotic morphology induced by A␤1-42 was associated with activation of caspase 3, we performed immunocytochemistry studies using an antibody that recognizes only the active form of this enzyme. A␤1-42 (10 M) induced a marked increase (control, 3 Ϯ 0.5% compared with A␤, 15 Ϯ 3%) in the percentage of cortical cells in which caspase 3 was cleaved 48 h after exposure to oligomeric A␤ (Fig. 1C, bottom) . Similarly, 52 Ϯ 2% of cortical neurons treated with A␤1-42 displayed pyknotic nuclei compared with 20 Ϯ 1% of neurons in control cultures (Fig. 1C, top) .
A␤ increases NP1 expression before inducing neuronal death
Having defined the time course of A␤ neurotoxicity, we studied the accumulation of NP1 in cell extracts in the 24 h period before A␤ evokes significant membrane damage and neuronal death. The influence of either soluble A␤1-42 or A␤25-35 peptide on the accumulation of NP1 protein was studied as a function of the time of exposure. Treatment with A␤25-35 did not modify the expression of NP1 during the first 8 h, but the levels of NP1 did increase (327 Ϯ 48% the control values) after a 12 h exposure. This increase in the levels of NP1 protein induced by A␤25-35 was sustained for up to 18 h and decreased after 24 h of treatment. In contrast, the levels of actin protein did not significantly change after exposure to the A␤ peptide during the period studied (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
We next investigated the effect of A␤ oligomers on NP1 expression. Exposure to the oligomeric A␤1-42 produced a concentration-dependent increase in NP1 expression (10 M, 166 Ϯ 12%; 20 M, 194 Ϯ 27%), although this increase was not observed until 18 h after the exposure to the peptide (Fig. 2) . Thus, compared with A␤25-35, the increase in NP1 accumulation after exposure to oligomeric A␤1-42 occurred later, and it was significantly lower at 24 h after the beginning of the treatment. Subsequent experiments showed that the effect of 20 M of A␤1-42 on NP1 expression was sustained and increased up to 458 Ϯ 77% over control at 60 h after the beginning of treatment. Although a marked increase in the accumulation of NP1 evoked by A␤1-42 was observed at ϳ18 h after the beginning of the treatment (Fig. 2) , the number of apoptotic nuclei does not appear to increase significantly until after 24 h of treatment with A␤ ( Fig. 1) . Hence, these results indicate that A␤ increases NP1 protein levels before the appearance of morphological signs of apoptosis.
Reduction in NP1 overexpression rescues cortical neurons from apoptosis evoked by A␤
To examine whether NP1 overexpression is necessary for the neurotoxic effects of A␤, we adopted two different strategies to reduce NP1 expression. These involved the use of antisense ODNs and the lentivirus-mediated transduction of an shRNAi, both targeted against NP1 mRNA. In previous studies, we have shown that an antisense but not sense ODN (NP1AS not NP1S) significantly reduces NP1 protein levels in cells (DeGregorioRocasolano et al., 2001) . Indeed, pretreatment of cortical neuronal cultures with NP1AS but not with the control ODN NP1S completely blocked the appearance of both apoptotic nuclei (Fig.  3A) and of cleaved caspase 3 (Fig. 3B ) 48 h after treatment with oligomeric A␤1-42. This phenomenon was further confirmed when NP1 expression was silenced by RNAi. Lentivirus-mediated transduction of an shRNAi directed against NP1 transcripts significantly impaired the expression of NP1 protein evoked by oligomeric A␤1-42 (Fig. 3D ). This effect appeared to be specific because an shRNAi expressing a random sequence did not affect the accumulation of NP1. Moreover, transduction of shRNAi-NP1 but not of shRNAi-Random prevented the appearance of apoptotic nuclei 48 h after exposure of cortical neuronal cultures to oligomeric A␤1-42 (Fig. 3C) .
NP1 mediates the reduction in neurite outgrowth evoked by A␤
Previous studies have shown that the neurite degeneration caused by A␤ in cultured neurons displays the morphological and biochemical characteristics of apoptosis (Ivins et al., 1998) . Damage to neurites is one of the initial events in the process of neuronal death evoked by different apoptotic stimuli. Hence, because NP1 appears to mediate the apoptotic neuronal death induced by A␤1-42, we investigated the role of NP1 in the neurite degeneration evoked by A␤. In the first series of experiments, we studied the effect of A␤1-42 on neurite length by immunohistochemis-try of the tubulin network (Fig. 4 A) . Treatment of low-density cultures of cortical neurons with oligomeric A␤1-42 (10 M) for 48 h produced a significant reduction (30%) in the length of the neurites developed by the cells (control, 217 Ϯ 10 m; A␤, 150 Ϯ 11 m) (Fig. 4 B) . The reduction in neurite length evoked by A␤1-42 was antagonized by pretreatment with NP1AS but not with the control ODN NP1S (Fig. 4 B) . We also investigated the role of NP1 in the neurite damage induced by oligomeric A␤1-42 by silencing NP1 expression using RNAi (Fig. 4C) . When the neurite length in cortical neurons was measured in digital phasecontrast images, a 24 h exposure to A␤1-42 (10 M) produced a marked reduction (36%) in the length of neurites developed by the cells (control, 215 Ϯ 12 m; A␤, 137 Ϯ 9 m) (Fig. 4 D) . In addition, this effect of soluble A␤1-42 on neurite length was impaired by the transduction of shRNAi-NP1 but not of shRNAiRandom (Fig. 4C,D) . To determine whether this effect of A␤ on neurite length was also present in dendrites, we first examined the extent of differentiation of our neuronal cultures at 5 DIV. Double-immunofluorescence and confocal microscopy studies showed that MAP2 (2a ϩ 2b) segregates in dendrites surrounded by synapsin 1 puncta, indicating that our cortical cultured neurons are polarized (supplemental Fig. 4 , available at www. jneurosci.org as supplemental material). Subsequent studies showed that exposure to A␤1-42 (10 M) reduced the length of dendrites, and this effect was blocked by silencing NP1 expression with the transduction of shRNAi-NP1 (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
Silencing NP1 expression prevents synapse loss evoked by A␤ Previous studies have shown that synapse loss occurs at early stages during progression of AD (Masliah et al., 2001) . To analyze whether the reduction in neurite length evoked by A␤ is associated with synapse loss and to check whether this effect is also mediated by NP1 expression, we studied the effect of oligomeric A␤1-42 on the levels of the presynaptic vesicle protein synaptophysin. Treatment of cortical neuron cultures with oligomeric A␤1-42 (20 M) for 48 h produced a significant decrease (ϳ60%) in the levels of synaptophysin. This effect was blocked by transduction of shRNAi-NP1, which silences NP1 expression, but not by transduction of the control hairpin shRNAi-Random (Fig. 5) .
NP1 transgene overexpression reproduces the effects of A␤ in terms of neurite damage and apoptosis
To determine whether NP1 alone is capable of reproducing the neurotoxic effects of A␤1-42, we investigated the effect of lentivirus-mediated transgene overexpression of NP1 (Fig. 6) . We treated cortical cells with the bicistronic lentiviral vectors pWPI-NP1, to induce the expression of a NP1 transgene and GFP, or with the control pWPI-GFP vector. The expression of GFP in cortical cells transduced with these vectors could be observed in 80 -90% of neurons after 6 d treatment (data not shown). Likewise, there was a robust increase in NP1 protein levels after transduction with the pWPI-NP1 but not with the pWPI-GFP vector (Fig. 6 A) . This increase in NP1 protein was significantly diminished by RNAi of the NP1 message when pWPI-NP1 was cotransduced with the shRNAi-NP1 lentiviral vector. The increase in NP1 evoked by pWPI-NP1 was accompa- (8 Ϯ 1% in controls compared with 23 Ϯ 4% in neurons transduced with NP1) (Fig. 6 B) . Both of these effects were blocked by silencing the expression of NP1 with the shRNAi-NP1 viral vector.
NP1 analysis on Western blots of human brain homogenates
The antibody against NP1 used recognized a single band of ϳ54 kDa in homogenates of control and diseased human brain tissue. The intensity of the protein band recognized by this antibody was markedly augmented in tissue from AD cases. The specificity of this antibody for NP1 was confirmed by the fact that it failed to recognize this protein after preabsorption with recombinant GST-NP1 protein (Fig. 7A) .
Localization of NP1 immunoreactivity in control and AD brains
We analyzed the distribution of NP1 in the brain by immunohistochemistry and found that NP1 immunoreactivity in the hippocampus and entorhinal cortex of control tissue was restricted to the neuropil. The internal plexiform layer of the CA3 area of the hippocampus and the hilus of the dentate gyrus were particularly enriched in punctate NP1-immunoreactive deposits. Preabsorption of the antibody with the recombinant GST-NP1 protein completely abolished this staining (data not shown). NP1 immunoreactivity in AD tissue decorated the neuritic component of senile plaques while the amyloid core remained negative (Fig. 7 B, C) . This immunoreactivity was specific because no staining was observed when the sections were incubated with the preabsorbed antibody (Fig. 7D) . When dual immunohistochemistry for NP1 and phospho-tau (AT8 antibody) was performed, it was evident that NP1 colocalized with tau deposits of dystrophic neurites in neuritic plaques (Fig. 7 E, F ) . Furthermore, neurons with neurofibrillary tangles were not recognized by the anti-NP1 antibody, and therefore the increase in NP1 immunoreactivity in the soma of individual neurons was not associated with intracytoplasmic phosphorylated tau deposition (Fig. 7 E, F ) . Doublelabeling immunofluorescence and confocal microscopy confirmed that expression of NP1 is localized around A␤ deposits in senile plaques in AD (Fig. 7G) .
Moreover, mutant amyloid precursor protein/presenilin 1 (APP/PS1) transgenic mice displayed large numbers of A␤ plaques in the cerebral cortex and hippocampus (Fig. 7H ) . Consecutive sections stained with anti-phospho-tau antibodies demonstrated the presence of small phospho-tau-immunoreactive deposits surrounding A␤ plaques (Fig. 7 I, J ) . Antibodies to NP1 disclosed a similar punctate pattern in association with A␤ deposition.
Previous studies have shown that the synaptic protein SNAP-25 is highly expressed in dystrophic neurites in AD (Ferrer et al., 1998) . To verify further the localization of NP1 in dysthophic neurites and its relationship with synaptic structures, we performed double-labeling immunofluorescence and confocal microscopy analysis of NP1 and SNAP-25 in AD brains. The results show that NP1 and SNAP-25 colocalize in the majority of dystrophic neurites surrounding amyloid deposits in senile plaques (Fig. 8) .
Discussion
There are distinct lines of evidence indicating that the accumulation of A␤, and particularly of diffusible A␤1-42, is responsible for progressive neurodegeneration in AD. The characteristic sequence of events associated with this neurodegeneration commences with the early loss of synaptic contacts associated with the Figure 6 . Transgene overexpression of NP1 increases apoptotic nuclei and reduces neurite outgrowth in cortical neuronal cultures. Cortical cells were treated with the bicistronic lentiviral vector for transgene expression of NP1 (pWPI-NP1) or with the control vector expressing GFP (pWPI-GFP). Silencing transgene expression of NP1 was performed with lentiviral-mediated RNAi. A, Representative Western blot showing that transduction of cortical neurons with the lentivirus vector carrying the NP1 transgene increases the levels of NP1 in protein extracts and that silencing NP1 expression by RNAi with pLVTHM-shRNAi-NP1 is capable of reducing NP1 transgene overexpression. Actin was used as control for protein loading. Neurons were transduced at the time of plating, and protein extracts were obtained at 6 DIV. Western blots were incubated with mouse anti-NP1 antibody (1:1000). B, Cortical neurons were transduced with the corresponding lentiviral vectors at the time of plating, and apoptotic nuclei were measured with Hoechst 33258 staining at 6 DIV. C, Cultures were transduced with the corresponding vectors, and total neurite length was estimated using a stereological procedure from phasecontrast photomicrographs obtained from living cells at 4 DIV. Values in B and C are mean Ϯ SE of at least three independent experiments. *p Ͻ 0.05, significantly different from control values (one-way ANOVA with Bonferroni post hoc comparisons). initiation of cognitive decline, and this is followed by neurite damage, neuronal shrinkage, and, finally, selective neuronal loss (Klein, 2002; Walsh and Selkoe, 2004) . However, the molecular mechanisms that mediate these neurotoxic effects of A␤ remain to be characterized. Here, we report a novel mechanism that mediates A␤ neurotoxicity, which involves the overexpression of NP1, a protein implicated in synapse formation and remodeling (Schlimgen et al., 1995; Xu et al., 2003) that, at the same time, has been associated with the apoptotic program of cell death triggered by reduction in neuronal activity in mature cerebellar granule neurons (DeGregorio-Rocasolano et al., 2001; Enguita et al., 2005) . Our experiments show that upregulation of NP1 expression contributes to synapse loss, neurite damage, and the subsequent apoptotic toxicity evoked by A␤ in cortical neuronal cultures. Indeed, treatment with oligomeric A␤1-42 decreases synaptophysin levels, reduces neurite outgrowth, and increases the expression of NP1 before markers of neuronal apoptosis can be detected (e.g., pyknotic nuclei and the cleavage of caspase 3). Moreover, silencing the overexpression of NP1 with RNAi prevents both the synaptic damage and the neuronal apoptosis evoked by A␤. In addition, our results show that there is a marked increase in NP1 protein levels in brain tissue from patients with late-onset AD. The finding that this increase in NP1 immunoreactivity is associated with dystrophic neurites in brain tissue with AD as well as in a transgenic animal model of AD provides additional neuropathological evidence in support of the hypothesis that NP1 plays a key role in the neurodegeneration characteristic of AD.
Soluble assemblies of synthetic A␤1-42 have been shown to be potent neurotoxins for different types of cell lines and organotypic cultures (Roher et al., 1996; Lambert et al., 1998; Hartley et al., 1999; Dahlgren et al., 2002) . We have confirmed that synthetic oligomeric A␤1-42 does indeed induce a time-and concentration-dependent reduction in neuronal viability in primary cultures of cortical neurons. In accordance with previous studies, oligomeric A␤1-42 is a potent neurotoxin in culture, and a significant increase in apoptosis was observed at an effective concentration of 100 nM. This neurotoxicity was not observed until 48 h after the beginning of treatment, and when the time course of higher concentrations was analyzed, the viability of cortical cells appeared to be unaffected during the first 18 -24 h of treatment. Nevertheless, A␤ induces a marked increase (twofold to threefold) in the levels of the NP1 protein within this period. Indeed, the increase in NP1 occurs well before the appearance of any morphological or biochemical sign of apoptosis, indicating that the regulation of NP1 expression is an early event in the neurotoxic cascade activated by A␤. Silencing NP1 expression with either antisense ODNs or RNAi prevents the synaptic damage and the appearance of morphological and biochemical signs of apoptosis evoked by A␤. Together with the observation that transgene overexpression of NP1 reproduces these neurotoxic Figure 7 . NP1 is expressed in abnormal neurites surrounding amyloid deposits of senile plaques in AD and transgenic mice. A, Western blots of hippocampal homogenates from control (C) and AD tissue showing a band of ϳ54 kDa, which is markedly increased in diseased brains. This band disappears after preabsorption (Pr) with the recombinant GST-NP1 protein. B, C, NP1 immunoreactivity is found in cellular processes surrounding amyloid cores (asterisk) in AD tissue. D, NP1 immunoreactivity is abolished after incubation of the primary antibody with the recombinant GST-NP1 protein. E, F, Dual immunohistochemistry for NP1 (brown precipitate) and phospho-tau (AT8; dark blue precipitate) shows colocalization of NP1 and tau in dystrophic neurites of senile plaques, but not in neurons with neurofibrillary tangles (arrowheads). G, NP1 (green) and amyloid (red) immunofluorescence and confocal microscopy of a senile plaque. NP1 is in close vicinity of amyloid deposits in a senile plaque. NP1 immunoreactivity is also observed in APP/PS1 transgenic mice. H, Cortical amyloid deposits in APP/PS1 transgenic mice. I, Increased phospho-tau immunoreactivity (anti-tau phospho-specific Thr 181 ) in abnormal neurites surrounding amyloid cores. J, NP1 immunoreactivity has a similar localization, associated with amyloid cores in APP/PS1 transgenic mice. Cryostat sections with no counterstaining are shown. effects of A␤, we present robust evidence that the regulation of NP1 expression contributes to A␤ neurotoxicity.
The relationship between NP1 and other factors known to contribute to A␤ neurotoxicity is presently unknown. Moreover, despite intense research, it remains unclear how A␤ interacts with neurons and triggers the biochemical signaling cascade that leads to neuronal dysfunction and neurotoxicity. The present results indicate that regulation of NP1 expression is part of this neurotoxic signaling cascade. We have previously shown that overexpression of NP1 contributes to cerebellar granule cell death evoked by reduction in neuronal activity (DeGregorioRocasolano et al., 2001; Enguita et al., 2005) . On the other hand, recent studies suggest that accumulation of A␤ may produce an excessive depression of excitatory synaptic transmission (Kamenetz et al., 2003) . Therefore, we hypothesized that the signaling mechanisms activated by A␤ to produce neuronal dysfunction might be similar to those activated by the reduction in neuronal activity in cerebellar granule cells. The finding that NP1 expression is necessary for the neurotoxic effects of A␤ is consistent with this hypothesis. Thus, the present results suggest that the regulation of NP1 expression is part of a gene expressiondependent program of neurodegeneration activated by the accumulation of A␤ and that this shares mechanisms with the neuronal death process evoked by reduction in neuronal activity.
The intracellular signal transduction pathway through which A␤ induces the gene expression-dependent program of neurodegeneration and the upregulation of NP1 has not been characterized, but several studies suggest that one of the steps of this pathway is modulation of glycogen synthase kinase 3 (GSK3) activity. Indeed, exposure of primary neuronal cultures to A␤ increases GSK3 activity (Takashima et al., 1998) . Moreover, different laboratories have shown that inhibition of GSK3 activity blocks neurotoxicity evoked by A␤ (for review, see Bhat et al., 2004) . Thus, A␤-induced neurotoxicity is reduced by antisense GSK3 oligonucleotides (Takashima et al., 1993) , by the GSK3 inhibitor lithium (Alvarez et al., 1999; Wei et al., 2000) , and by the more specific GSK3 inhibitor AR-A014418 (Bhat et al., 2003) . Furthermore, conditional overexpression of GSK3 in mice recapitulates different aspects of AD neuropathology (Engel et al., 2006) . On the other hand, our previous studies indicate that GSK3 activity regulates NP1 expression. Thus, pharmacological reduction in GSK3 activity either with lithium or with the more specific GSK3 inhibitor SB415286 blocks NP1 overexpression and protects cerebellar granule neurons against death evoked by reduction in neuronal activity (DeGregorio-Rocasolano et al., 2001; Enguita et al., 2005) . Therefore, it is possible that A␤ induces overexpression of NP1 by increasing GSK3 activity.
Evidence from different laboratories indicates that neuronal pentraxins may have several functions. Neuronal pentraxins were first proposed to participate in synapse formation and remodeling (Kirkpatrick et al., 2000; Schlimgen et al., 1995) . In addition, NP1 and NP2 have been reported to mediate the synaptic clustering of AMPA glutamate receptors at a subset of excitatory synapses (Xu et al., 2003) . Furthermore, the present results showing that overexpression of NP1 increases the percentage of neurons with apoptotic nuclei and cleaved caspase 3 provide additional evidence in support of the hypothesis that NP1 is part of the intrinsic program of apoptotic neuronal death activated by pathological stimuli in mature neurons. Nonetheless, which is the relationship among all of these different functions of NP1 and its role in the neuronal death program remains to be established. Mice that lack NP1 are viable, fertile, and show no obvious alteration in cerebral, cerebellar, hippocampal ultrastructure, or ob- vious changes of gait or behavior (Kirkpatrick et al., 2000) . Functional redundancy with other pentraxins or with other compensatory mechanisms during neuronal development may explain the absence of a clear phenotype in NP1 knock-out mice. However, our results with RNAi of NP1 expression reported here predict that NP1 knock-out mice should show resistance to the neurotoxic effects of A␤. NP1 needs to be induced by reduction in neuronal activity to exert its pro-apoptotic effect. Thus, we would not expect NP1 knock-out mice to have a lethal overabundance of neurons. Mutant mice that lack NP2 and NPR are also available (Kirkpatrick et al., 2000) . In future experiments, it will be interesting to determine whether the lack of these other pentraxins prevents the neurotoxic effects of A␤ oligomers.
The neuropathological results in brains from patients with AD and APP/PS1 transgenic mice reported here emphasize that the restriction of NP1 to the neuropil in control hippocampal and entorhinal cortical tissue is consistent with the synaptic localization of NP1. Moreover, the observation that dystrophic neurites but not the amyloid core of AD brains exhibit high NP1 immunoreactivity is additional evidence that A␤ overproduction triggers a process of neuronal damage similar to that observed in cerebellar granule cells after deafferentiation. In support of the notion that NP1 immunoreactivity is associated with A␤ neurotoxicity, dual immunohistochemistry for NP1 and tau highlighted the colocalization of NP1 with tau deposits in dystrophic neurites in neuritic plaques. Similar observations regarding abnormal neurites containing NP1 in association with A␤ plaques were also found in APP/PS1 transgenic mice. The localization of NP1 and abnormal cell processes in AD brains were also supported by double-labeling immunofluorescence and confocal microscopy studies showing that NP1 colocalizes with the synaptosomal-associated protein SNAP-25 in the majority of dystrophic neurites surrounding amyloid deposits in senile plaques. SNAP-25 has previously been reported to be reduced in the amyloid core but highly expressed in abnormal neurites surrounding amyloid deposits in AD (Ferrer et al., 1998) .
High levels of A␤ selectively depress excitatory synaptic transmission in neurons that overexpress APP, as well as in nearby neurons that do not (Kamenetz et al., 2003) . This phenomenon also suggests that A␤ activates a signal transduction pathway that, similarly to what occurs after reduction in neuronal activity, triggers the apoptotic program of neurodegeneration. The finding that silencing the expression of NP1 prevents the decrease in synaptophysin levels evoked by A␤ suggests that NP1 contributes to the synaptic damage evoked by A␤ and provides a molecular basis for this A␤-induced depression of synaptic transmission. The interpretation that NP1 regulates synaptogenesis and synaptophysin levels in response to changes in neuronal activity is supported by recent studies showing that NP1 knock-out mice exhibit defects in the segregation of eye-specific retinal ganglion cell projections to the dorsal lateral geniculate nucleus, a process that involves activity-dependent synapse formation (Bjartmar et al., 2006) . Moreover, NP1 has been proposed to regulate synaptogenesis by forming pentraxin heterocomplexes with NP2 (Xu et al., 2003) . Expression of NP2 is responsive to activity, and it is rapidly upregulated by intense neuronal activation such as maximal electroconvulsive seizure (Xu et al., 2003) . On the contrary, NP1 expression is rapidly increased by reduction in neuronal activity and causes cell death (DeGregorio-Rocasolano et al., 2001; Enguita et al., 2005) . Based on these observations, we propose that neuronal pentraxins might constitute a genetic switch that regulates neuronal death or survival depending on synaptic activity (DeGregorio-Rocasolano et al., 2001 ).
The observation that RNAi of NP1 expression prevents both the decrease in synaptophysin levels and the reduction in neurite outgrowth evoked by A␤, together with the finding that NP1 is increased in dystrophic neurites in brains from AD patients, indicates that NP1 plays a key role in the synaptic degeneration that occurs in the early stages of AD. The mechanism by which NP1 modulates synaptophysin levels and neurite outgrowth is still unknown. Recently, it has been reported that the NPR with chromo domain (NPCD) interacts with the cytoplasmic catalytic phosphatase domain of the receptor protein tyrosine phosphatase PTPRO and that such interaction is required for NGFinduced neurite outgrowth (Chen and Bixby, 2005b) . We speculate that the decrease in neurite outgrowth observed after overexpression of NP1 could be produced through an interaction of NP1 with the NPCD receptor that would subsequently alter the phosphatase activity of PTPRO required for neurite outgrowth. This hypothesis is currently under investigation.
In summary, we have shown that upregulation of NP1 expression plays a key role in the synaptic loss, neurite damage, and apoptotic neurotoxicity evoked by A␤ oligomers. These results, together with the finding that NP1 is increased in dystrophic neurites in brains with AD and in APP/PS1 transgenic mice, suggest that A␤ contributes to the pathology of AD by regulating NP1 expression. Future studies will determine the extent of the contribution of NP1 to the cognitive decline characteristic of AD.
